Proton-proton correlations and correlations of protons, deuterons and tritons with α particles from spectator decays following 197 Au + 197 Au collisions at 1000 MeV per nucleon have been measured with two highly efficient detector hodoscopes. The constructed correlation functions, interpreted within the approximation of a simultaneous volume decay, indicate a moderate expansion and low breakup densities, similar to assumptions made in statistical multifragmentation models.
Expansion is a rather basic conceptual feature of the multifragmentation of heavy nuclei. A volume of about three to eight times that occupied at saturation density is assumed in the statistical models aiming at a phase space description of the multi-fragment breakups [1, 2] . Expansion also provides the link to the nuclear liquid-gas phase transition; only one third of the saturation value is expected for the critical density of nuclear matter [3] . The experimental confirmation of expansion to low breakup densities is therefore of the highest significance for the understanding and interpretation of the multifragmentation phenomenon [4] .
In central collisions of heavy nuclei, rapid expansion is evident from the observation of radial collective flow [5] . For the fragment decay of spectators following collisions at relativistic energies, the case studied in this work, significant radial flow has not been observed [6] . Here evidence for expansion has been obtained, indirectly, from model comparisons. Models that assume sequential emission from nuclear systems at saturation density underpredict the fragment multiplicities while those assuming expanded breakup volumes yield satisfactory descriptions of the populated partition space [7, 8, 9, 10] . The disappearance of the Coulomb peaks in the kinetic-energy spectra of emitted light particles and fragments, associated with increasing fragment production, provides additional evidence consistent with volume emission from expanded systems [11, 12] . There are also other dynamical and statistical observables that have been interpreted as evidence for expansion in recent papers [13, 14, 15] .
Interferometry-type methods permit experimental determinations of the breakup volume or, more precisely, of the space-time locations of the last collisions of the emitted products [16] . In the nuclear regime, correlation functions for light charged particles, predominantly proton-proton correlations, have been widely explored for that purpose [17, 18] . Depending on the assumed reaction scenario and energy regime, both time scales and breakup radii have been deduced. The time scales for the decay of highly excited spectator nuclei produced at relativistic bombarding energies should be rather short [19] , and we may expect that the correlation functions are mainly sensitive to the spatial extension of the source. More importantly, if we assume a rapid volume breakup of the system, the quantity of interest will be the local density, i.e. the mutual proximity of the nascent fragments and light particles. These densities are obtained in the limit of assuming a zero-lifetime in the source analysis.
In this Letter, we present the results of correlation measurements for spectator decays following collisions of 197 Au + 197 Au at a bombarding energy of 1000 MeV per nucleon. Besides proton-proton coincidences, also coincidences of protons, deuterons, and tritons with α particles were measured and correlation functions were constructed. For their quantitative interpretation, it is assumed that they are dominated by the effect of finalstate interactions. The results are found to be consistent with low breakup densities with values close to those assumed in the statistical multifragmentation models.
Beams of 197 Au with incident energy 1000 MeV per nucleon were provided by the heavy-ion synchrotron SIS and directed onto targets of 25-mg/cm 2 areal thickness. Two multidetector hodoscopes, consisting of a total of 160 Si-CsI(Tl) telescopes in closely-packed geometry, were placed on opposite sides with respect to the beam axis. The angular range θ lab from 122
• to 156
• was chosen with the aim of selectively detecting the products of the target-spectator decay. Each telescope consisted of a 300-µm Si detector with 30 x 30 mm 2 (96 detectors) or 25 x 25 mm 2 (64 detectors) active area, followed by a 6-cm long CsI(Tl) scintillator with photodiode readout. The distance to the target was about 60 cm.
The products of the projectile decay were measured with the time-of-flight wall of the ALADIN spectrometer [6] and the quantity Z bound was determined event-by-event. Z bound is defined as the sum of the atomic numbers Z i of all projectile fragments with Z i ≥ 2. It reflects the variation of the size of the primary spectator nuclei and is inversely correlated with its excitation energy. Because of the symmetry of the collision system, the mean values of Z bound for the target and the projectile spectators within the same event class have been assumed to be identical.
Examples of correlation functions constructed for the four types of coincidences p-p, p-4 He, d-4 He, and t-4 He are shown in Fig. 1 , sorted into four bins of Z bound as indicated. The uncorrelated yields were obtained with the technique of event-mixing and normalized in the range of large relative momenta q ≥ 70 MeV/c (p-p) and q ≥ 150 MeV/c (p-α, d-α, and t-α). In the off-line analysis, thresholds were set at E lab ≥ 20 MeV for all particles p, d, t, and α and all hodoscope detectors. The shapes of the correlation functions are sensitive to the threshold. For p-p, e.g., the suppression at small q tends to disappear if the threshold is set at E lab ≥ 10 MeV or lower, presumably as a result of increasing contributions from evaporation and sequential decay. These long-lifetime components are suppressed if higher thresholds are chosen. The pairs of particles were also requested to be detected in the same hodoscope in order to avoid correlation effects that appear at large q and are believed to be due to a collective (sidewards) motion of the proton-emitting source.
The p-p correlation functions are characterized by a depression at small relative momentum and by a weakly pronounced peak near relative momentum q = 20 MeV/c, caused by the S-wave nuclear interaction and used for the quantitative interpretation. The three correlation functions of the hydrogen isotopes with α particles are dominated by the resonances corresponding to the ground state of 5 Li and by the 2.19-MeV and 4.63-MeV excited states of 6 Li and 7 Li, respectively. The observed widths of the 6 Li and 7 Li peaks in the d-α and t-α correlation functions represent the experimental resolution which is mainly determined by the angular resolution following from the geometry of the detector hodoscopes. A striking feature of the data is the overall stability of the peak heights as a function of Z bound which indicates source extensions that do not change dramatically with impact parameter. The largest deviations of the peak height and of the overall shape of the correlation functions appear in the bin 60 ≤ Z bound ≤ 79, corresponding to the largest impact parameters.
The analysis of the p-p correlation functions was performed with the Koonin-Pratt formalism [20] in the zero-lifetime limit. In this form, the analysis includes the effects of quantum statistics and of the mutual nuclear and Coulomb final-state interactions but it ignores the long-range Coulomb repulsion of the two protons from the emitting source. In order to assess the magnitude of the latter effect, classical Coulomb trajectory calculations were performed. In addition, calculations with the three-body quantum model of Lednicky et al. [21] were used to identify possible systematic uncertainties. A uniform sphere with radius R and statistical momentum distributions corresponding to the measured kineticenergy spectra were assumed for the proton source; the model results are slightly dependent on the particle momenta through the applied experimental filter.
The quality of the obtained results and the sensitivity to the radius parameter R is illustrated in Fig. 2 height and the width of the resonance peak are rather well reproduced. For comparison, the results of the same calculation before filtering (dotted line) and after correction for the Coulomb repulsion from the source (dashed line) are also shown. The filtering effect is equivalent to a change of the radius by ∆R ≈ 0.3 fm whereas the modification caused by the charge of the emitting source is almost negligible. The latter is not unexpected in the present case, especially for the more central collisions which produce spectators of very moderate total charge (e.g. ≈ 45 for 20 ≤ Z bound ≤ 40). In addition, with the assumption of a simultaneous volume break-up, only the charge inside the volume corresponding to the radial position of the particle was assumed to contribute to its acceleration. Correlation peaks of nearly the same height but with slightly smaller width were obtained with the three-body quantum model [21] . In the two-body approximation, the difference between the results obtained with the Koonin-Pratt and the Lednicky et al. formalisms is practically negligible. Therefore, and because of the reduced importance of the three-body Coulomb effect, the quantitative analysis of the measured p-p correlation functions was performed with the filtered Koonin-Pratt simulations. The best fits, generated by minimizing χ 2 within the range 10 ≤ q ≤ 35 MeV/c are shown in Fig. 1 . The corresponding radii, listed in Table 1 , are close to about 8 fm, up to nearly 9 fm for the bin of largest Z bound which, however, seems to be afflicted with the largest uncertainties. These values are distinctly but not excessively larger than the radius R = 6.7 fm of a gold nucleus at normal density 0. 16 statistical and were determined from the radii for which χ 2 exceeds its minimum by an amount equal to the minimum value of χ 2 per degree of freedom (i.e. for χ 2 = χ 2 min ·n/(n−1) where n is the number of data points included). The additional systematic uncertainty, mainly resulting from the arbitrariness of choosing the normalization interval and estimated to be about 0.5 fm, is much larger.
Correlation functions for proton pairs belonging to four intervals of the laboratory pair momentum P sum = | p 1 + p 2 |, integrated over Z bound , are shown in Fig. 3 . Only the data from the 96-element hodoscope were used. The combined effects of the energy threshold E lab ≥ 20 MeV, of the binning in pair momentum, and of the finite solid-angle acceptance of the detector hodoscope cause the limitation of the populated q range for the bins of smaller P sum . A normalization interval 70 ≤ q ≤ 90 MeV/c was therefore chosen for these correlation functions. The same effects, perhaps including some collectivity due to a small but finite source motion, may cause the slight decrease towards larger q that is not observed in the momentum-integrated correlation functions (cf. Fig. 1 ). We observe, however, that the peak height at q ≈ 20 MeV/c relative to the uncorrelated background at q > 40 MeV/c is virtually identical in all four cases. This is consistent with what is expected for the ideal situation of a purely statistical source, confirming that effects caused by collective radial motion or emission times related to the temporal evolution of an expanding source should be small for spectator decays.
The choice of a threshold of E lab ≥ 20 MeV, on the other hand, raises the question of what reaction stage is mainly represented by the obtained correlation data. Light-particle spectra from the same experiment, measured with high-resolution telescopes at backward angles, give evidence for emission prior to the final breakup stage [22] . This was concluded from the comparison of the slope temperatures and multiplicities to the predictions of the statistical multifragmentation model. Distinct components of equilibrium yields and of faster particles, termed pre-equilibrium or first stage, have also been identified by other groups in data for comparable reactions [13, 23] . In all these cases the main parts of the low-energy equilibrium components are below the present threshold. Long-lifetime components are thus excluded from the analysis so as to preserve the sensitivity of the correlation function to the initial spatial dimensions. On the other hand, pre-equilibrium or pre-breakup particles as they are scattered from the forming spectator matter may also contribute to an interferometric picture that reflects the extension of the latter. Besides the p-p correlations also the p-α and d-α correlations were used to determine breakup radii by comparing them to the numerical results of Boal and Shillcock [24] . The calculated correlation functions which in their work are given for a discrete set of source radii were interpolated, and a Monte Carlo procedure was used for an event-by-event simulation of the effects of multiple scattering in the target and of the spatial and energy resolution of the detection system [25] . The Coulomb acceleration by the emitting source was also here neglected. This seems justified for d-α because the effects should not be much larger than in the p-p case. For p-α, the different charge-to-mass ratios of the two particles may be expected to cause larger distortions but, at the same time, the finite lifetimes of these resonances may reduce them considerably. The resulting fits to the data are rather satisfactory (Fig. 1) . The corresponding radii are about 1 to 2 fm larger than those deduced from the p-p correlations (Table 1) . We also observe a slightly stronger variation with the pair momentum than in the p-p case. For p-α, e.g., the peak of the resonance grows from about 1.3 to 1.6 as the pair momentum is varied from P sum ≤ 800 MeV/c to P sum > 1000 MeV/c (result after integration over Z bound ).
Densities were calculated by dividing the number of spectator constituents, taken from the calorimetric analyses of Refs. [26, 27] and listed in Table 1 , by the source volume. The densities vary considerably with centrality (Fig. 4) even though the radii are approximately constant. This is caused by the varying spectator masses which, in excellent agreement with the prediction of the geometric participant-spectator model [28] , decrease with increasing centrality almost in proportion to Z bound .
In the p-p case, the mean relative densities decrease from ρ/ρ 0 = 0.4 for the nearperipheral to below ρ/ρ 0 = 0.2 for the most central collisions. These values compare well with the densities assumed in the statistical multifragmentation model, including their variation with centrality. In the model, the mean density changes as a function of the multiplicity if a fixed socalled crack width is used as criterion for the placement of fragments inside the breakup volume [2] . For the most peripheral bin, the interpretation of the shape of the measured p-p correlations is somewhat uncertain (cf. Fig. 1) , and the corresponding density has not been plotted. For p-α and d-α, the fits are satisfactory for the largest Z bound but correspond to rather large radii ( Table 1 ). The densities are therefore low which is somewhat unexpected as here the production of highly excited heavy residues is the dominant reaction channel [6] . Obviously, the assumptions of a homogeneous spherical source and of a rapid volume breakup are less well justified in this case which causes difficulties for the interpretation of the obtained density values.
The differences between the results for p-p and for the resonances involving α particles are statistically significant but their origin is not clear at present. Besides the systematic uncertainties of the employed formalisms, there is also the possibility of differences in the scattering cross sections; larger cross sections will cause larger apparent source sizes. An interesting connection exists between the large radii derived for the lithium states and the limitation of the temperatures deduced from their relative populations [29] . A late emission of these resonances could explain both observations. In summary, correlation functions constructed from proton-proton coincidences and from coincidences between protons, deuterons, or tritons with α particles consistently show that the breakup volume does not appreciably change with impact parameter even though the spectator mass varies considerably. A quantitative analysis, in the limit of zero lifetime of the source, yields results that are consistent with a very moderate radial expansion. The deduced breakup densities are rather low as assumed in the statistical model scenarios. The variation of the density with impact parameter is caused by the changing spectator mass. With regard to the method, it has become clear that the systematic uncertainties of deriving densities from correlation functions may be large, in particular for the resonances involving α particles for which the formalism is not yet as much advanced. It seems, however, that the spectator decay at relativistic energies may represent a particularly favorable case because the source charge is moderate, collective motion is nearly nonexistent, and with the choice of high energy thresholds long-lifetime components may have been efficiently excluded from the analysis.
